Abstract-New phasing element for a wideband microstrip reflectarray is presented. It is formed by a phase-delay line attached to a circular ring loaded with a circular disc microstrip. The structure is enclosed by a circular ring element with a pair of gaps. It is shown that the new phasing element offers a wider bandwidth with an increased phasing range that is useful in reflectarrays phase compensation procedure. Full wave EM simulations are carried out. Good agreement exists between simulation results and measurements by using waveguide simulator method. The mutual coupling effect for a realistic reflectarray configuration with non-identical cells is accounted for by using the perturbation technique.
INTRODUCTION
Reflectarrays require at least 360 • phasing range for the reflection of their elements at a given frequency of operation. This requirement is usually not obtained by typical microstrip phasing elements such as square patches on a grounded dielectric substrate. In this case, an insufficient phasing range (around 300 • ) and a sharp phasing slope of variable size microstrip patches lead to narrow operational bandwidth of the reflectarray. The bandwidth limitation caused by the narrow band performance of the microstrip cell element is more significant for reflectarrays. Elements with linear phase response can be used to improve the antenna bandwidth. Linearization of phase response can be done in several ways including a thick substrate, multiple stacked patches, and phase-delay lines [1] [2] [3] . Among these methods, elements with attached phase-delay lines are a good choice because of their low manufacturing cost relative to the other methods. These elements also have enough phase range, but achieving this phase-range requires relatively large space, which results in specular reflections and hence low efficiency [4] .
For a single-layer reflectarray employing circular patch of variable size, the phase characteristics gradient (slope) is always smaller as in [5, 6] ; however, the phase range is reduced. To overcome this shortfall, multilayers of double concentric annular-rings are suggested in [7] , but the linear response over a phase range > 360 • is not achievable in this case. For optimum performance, the separation between concentric annular-rings must be reduced which is not applicable in practical design. However, the inconvenience of this approach is that each layer of the multilayer reflectarray has to be manufactured separately. The assembly process should consider alignment and eliminating air gaps between different layers. As a result, the manufacturing process becomes elaborate and expensive. In [8] Guo et al. suggested to deploy double concentric ring elements with various grid spacings to achieve compromise linearity and phase range for different sub-wavelength grids ( Various schemes of scaling the inner radius as a function of outer radius are adopted for a singlelayer in [9] , and the steep slope of reflection phase curve is reduced at the expense of reduction of the phase range compared with required 360 • . To overcome this problem, a single-layer double-concentric circular rings structure offering multi-resonance operation with an increased phasing range (of more than 360 • ) and low phasing slopes is investigated as viable alternatives to multilayer counterparts [10] . However, the use of double-ring phasing elements faces some manufacturing problems because of a narrow gap between rings. As a result, manufacturing errors can result in phase errors leading to a deficient reflectarray. A single-layer circular patch connected to a variable-length phase-delay line can obtain large phase range at the cost of nonlinear behavior of the phase response curve as discussed in [11] [12] [13] . Table 1 addresses the advantage and limitation of the proposed phasing element compared to other kinds of fabricated unit cells. This paper overcomes these problems by proposing a new phasing element based on single-layer microstrip elements. This phasing element is formed by a phase-delay line which is attached to a circular ring loaded with a circular disc microstrip patch and enclosed by an outside circular ring structure as shown in Fig. 1 . The phase is controlled by the length of phase-delay line. The widths of the phasing element phase-delay line and circular ring are relatively thicker than those discussed in [11, 12, 14, 15] , which makes the fabricated phasing elements more robust with respect to manufacturing errors. Parameters of the new phasing structure are carefully chosen in order to introduce both the required phasing range and slow phasing slope. The phase response characteristics are produced by performing full wave electromagnetic simulation of a unit cell using Ansoft HFSS. Then, the mutual coupling between nearby elements is investigated by a perturbation technique [16] . The field perturbation technique is applied to isolated, identical, and non-identical phasing elements by using REMCOM XFdtd software. 
PHASING ELEMENT CONFIGURATION AND DESIGN PROCEDURE
The proposed phasing element is designed to operate at a center frequency of 11.5 GHz and bandwidth 1 GHz. The proposed phasing element is shown in Fig. 1 . It consists of a circular ring of radius R 2 loaded by a circular disc microstrip patch of radius R 1 . A phase-delay line of radius R 3 and width ΔR 3 is attached to the circular ring through a notch of height H. The electrical length of the phase-delay line is Φ s . Finally, an outer circular ring of radius R 4 and width ΔR 4 with a pair of gaps of width ΔW is surrounding the inner ring. The element is supported by a thin substrate of Rogers RT/Duroid 5880 with thickness h 1 = 0.508 mm and relative permittivity ε r1 = 2.2. A grounded thick foam layer of thickness h 2 = 3.175 mm and relative permittivity ε r2 = 1.06 is used to support this substrate. This low dielectric constant layer is used to reduce the slope of the reflection phase characteristic so that the operational bandwidth is increased. The dimension of the unit cell is chosen to be W 0 = L = 15 mm, which is equivalent to 0.58λ 0 at the center frequency. The design steps for the phasing element are as follows.
1) The equivalent relative permittivity and total thickness of the two substrates are given by [17] .
2) The radius of a circular disc microstrip patch at the center frequency (f c ) is obtained by [11] 
3) A phase-delay line with a notch is attached to a circular disc microstrip patch. By changing the dimensions of R 1 , ΔR 2 , ΔR 3 and H, a proper matching is obtained for different Φ s at the central frequency 11.5 GHz. It should be noted that if there is a mismatch between the circular disc microstrip patch and the phase-delay line, then the relationship between phase response and Φ s is no longer linear.
4) The final dimension of the phasing element is obtained by optimizing the phasing element geometrical parameters by using CST Microwave studio software. Table 2 gives the final optimized parameters that attain the linear reflection phase curve for the unit cell at the operating bandwidth. The existence of an outer circular ring with a pair of gaps can serve for various applications such as circular polarization broadband reflectarrays, isolation between neighborhood unit cells thus reducing the effect of mutual coupling, supporting lower bandwidth operation by rotating it and providing broadband response. In this article, this circular ring with a pair of gaps element is used to provide an isolation between neighboring unit cells thus minimizes the impact of mutual coupling. To obtain a reflection phase response as a function of Φ s , an infinite array model is simulated by using Ansoft HFSS software with master-slave boundary and Floquet port excitation. Then, the mutual coupling between neighboring unit cells is investigated with REMCOM XFdtd software.
For the three simulation examples, isolated, identical, and non-identical, only one unit cell is illuminated by a normally incident Gaussian beam of sinusoid waveform, and the scattered field E S and total field E tot are stored within a solid box sensor enclosing the two unit cells (collection volume) assuming that the neighboring unit cell is located at a distance d = (∞, 15, 15) mm, respectively.
The perturbation factors ( ε identical (d), ε non identical (d)) are calculated for the identical and nonidentical unit cells as in [16] 
where P F 1 and P F 2 are the perturbation factors for identical and non-identical unit cells, and E tot (d) and E tot (∞) denote the total fields for the surrounded and isolated cases, respectively. The field perturbation factor is directly related to the mutual coupling since it measures the variation induced by the reradiated field from the neighboring unit cell. Equation (8b) in [16] relates the perturbation factor to the mutual coupling where it includes the modification of parameters S 11 of illuminating unit cell and S 21 of surrounded unit cell in a way to quantify the coupling effect in terms of field strength.
The perturbation technique provides an equivalent way of calculating the mutual coupling of classical array configurations. Figure 2 represents the comparison between P F 1 and P F 2 as a function of d at 11.5 GHz. It confirms that the effect of mutual coupling between neighboring unit cells is negligible for the proposed phasing element. Figure 3 shows the phase response of the reflected wave for normal incidence with respect to Φ s for different frequencies in the range 11.0 ∼ 12.0 GHz. The results indicate a linear phase response in the range 11.0 ∼ 12.0 GHz. It can be noted that by changing Φ s up to 180 • , the phase range at each of the chosen frequencies exceeds 425 • , and at higher frequency the gradient is less than steep. 
MEASUREMENT SETUP
For a validation of the simulation results for the reflected phase response curve, a C-band tapered waveguide section 4550-31BM1 with a dimension given in Table 3 is connected at one end with two identical unit cells as shown in Fig. 5 , and the other end is connected to vector network analyzer model number 8719ES using an coaxial to waveguide adapter as shown in Fig. 6 . 
MEASURED RESULTS AND DISCUSSION
The measurement procedure in [18] is carried out on fabricated sets of antenna elements as depicted in Fig. 7 . The results are compared with the simulated results obtained by Ansoft HFSS software. Fig. 8 shows the simulated and measured reflection phase curves for different Φ s . The presented results show that the reflection phase response has a sufficient range around 440 • . It has a linear variation which shows good overlap with the measured phase samples. At lower values of Φ s , there is a discrepancy due to the use of C-band tapered waveguide section in measurement setup which controls the incident angle of inbound wave. For smaller values of oblique incidence in Fig. 4 , the reflection phase values are affected.
CONCLUSION
New phasing element for reflectarray is proposed. This element is composed of a phase-delay line attached to a circular ring loaded by a circular disc microstrip patch. It is found to be suitable to achieve 440 • linear phase range at central frequency 11.5 GHz. A field perturbation technique using FDTD technique is used to determine the mutual coupling between the nearby elements. Experimental results show the validity of the proposed phasing element in wideband applications.
